INTRODUCTION
In the last decade, the potential of organic materials in the field of electronics, such as active semiconductors, triggered novel interest in material sciences, chemistry, and physics. Although organic light-emitting diodes are already commercially available, the efficiencies of organic solar cells [1] [2] [3] [4] [5] are still lower than those of their inorganic counterparts. 6 This demands an intensive search for more efficient organic materials for photovoltaics and a better understanding of the device physics.
The photovoltaic effect involves the creation of free electrons and holes under optical excitation and their successive collection at opposite electrodes. In organic semiconductors, illumination creates mainly excitons that need to dissociate into free holes and electrons that are collected at the electrodes. Exciton dissociation occurs rather efficiently at the interface of two materials with different ionization potentials and electron affinities, which lead to the inception of donor-acceptor-like photovoltaic systems. 1, 2, 7 Although many studies have been carried out, charge-transport and injection phenomena occurring in devices of organic semiconductors are still not sufficiently understood but are nonetheless of major importance for the device operation. Because of the hopping nature of transport and apparent energy and positional disorder, transport models developed for inorganic semiconductors 8 fail to describe the experimental observations. Here we report on charge transport through single-layer cells on the basis of the donor (E,E,E,E)-1,4-bis[(4-styryl)styryl]-2-methoxy-5-(2Ј-ethyl-hexoxy)benzene (MEH-OPV5) sandwiched between two metal contacts.
Another key issue, the influence of the morphology on the photovoltaic device performance itself, still needs to be tackled. Comparative studies on photovoltaic cells based on the donor-acceptor system are presented, revealing the influence of the morphology on the photovoltaic device characteristic. We explored single-layer, doublelayer, and blended photovoltaic systems of vacuum-deposited donor MEH-OPV5 and acceptor buckminster fullerene (C 60 ) sandwiched between two metal contacts.
CHARGE TRANSPORT THROUGH SINGLE-LAYER MEH-OPV5 DEVICES
The photocurrent in a photovoltaic cell tends to saturate at higher light intensities because of space-charge effects, 9 which are more predominant in media of lower mobility. In a cell consisting of C 60 and MEH-OPV5, for instance, the saturation of the photocurrent should be governed by the hole mobility in MEH-OPV5 as the electron mobility in C 60 is rather high (up to 0.1 cm 2 /Vs, depending on the crystallinity 10, 11 ) . A frequently used technique to determine the charge-carrier mobility in strongly luminescent organic semiconductors is based on transient electroluminescence (EL). [12] [13] [14] The delay time between the rising edge of the voltage pulse and the appearance of the EL signal is, in general, determined by both the hole and the electron mobility. In materials with strongly different electron and hole mobilities, however, the transit of the slower carrier type can be neglected. In Figure 1 , a typical EL signal in the pulsed regime is shown for a single-layer MEH-OPV5 cell. After an initial delay, the EL signal increases double exponentially. A detailed analysis of such EL transients was elaborated by Pinner et al. 14 In the frame of their model, the transit time for the holes is given by the delay time d , after which the first recombination occurs, and 1 , after which the charge distribution of the faster carrier species is built up. The increase in EL after d ϩ 1 is due to the establishment of the charge-carrier distribution of the slower electrons. In contrast to Pinner et al., 14 however, the time constant of the second exponential increase was comparable to that of the first one, meaning that the electron distribution was established rather fast. This indicates that the electron mobility is lower but close to the hole mobility in MEH-OPV5. For MEH-PPV, similar observations have been reported. 15, 16 As a consequence, the hole mobility determined with transient EL was slightly overestimated as the electron transit was not considered.
The hole mobility obtained from transient EL measurements as a function of the square root of the field is seen in Figure 1 . At a field strength of 3 10 7 V/m, a hole mobility in MEH-OPV5 of 6 ⅐ 10 Ϫ5 cm 2 /Vs was measured, which is similar to the value given in ref. 17 . Although the hole mobility in MEH-OPV5 was relatively high, it was far below the electron mobility in C 60 . Thus, the saturation effects in the photocurrent at high light intensity were mainly determined by the MEH-OPV5 phase.
In highly disordered organic materials, the field and temperature dependency of the mobility can be described with a correlated Gaussian disorder model. 18 Taking a typical intermolecular hopping distance of 1 nm, we obtained a disorder bandwidth around 0.07 Ϯ 0.01 eV for MEH-OPV5. This is, in fact, nearly two times smaller than that of the corresponding polymers 15, 19 as it is expected for more crystalline materials, resulting in an almost two times smaller field activation factor ␥, namely, (2.5 Ϯ 1) 10
. In contrast, the zero field hole mobility of MEH-OPV5 was calculated as (1.5 Ϯ 1) 10 Ϫ5 cm 2 /Vs, which is surprisingly high as compared with the values obtained for PPV-based polymers. 15, 16, 19 Figure 2 presents the IV characteristic of a single-layer MEH-OPV5 device. In general, this kind of characteristic can be understood in terms of either space-charge or injection limitation. In the regime of space-charge-limited current (SCLC), the supply of injected carriers is sufficiently high so that bulk limitation dominates the current. The single-carrier trap-free spacecharge-limited current (TFSCLC) is directly proportional to the charge-carrier mobility and is described by Child's law
where ⑀ is the permittivity, is the charge-carrier mobility, U is the bias voltage, and d is the thickness of the film. It is a common approach to use SCLC conditions to determine the effective charge-carrier mobility. 17, 20, 21 Recently, it was reported that the current through ITO/MEH-OPV5/Al diodes is SCLC, and in this context, IV characteristics were modeled over a wide voltage and current range. 17 According to our measurements, the IV characteristics indeed resemble SCLC in shape over a wide range in voltage and current ( Fig. 2 ), although they differ in amplitude. This discrepancy is slightly relaxed because the mobility determined by transient measurements was overestimated. Obviously, however, additional independent justification like a proper thickness dependence 22 is required to confirm the presence of SCLC. In the insert of Figure 2 , we show the required drive voltage at constant current in dependency of the thickness of the active layer. In the general case of a field-dependent mobility, the thickness dependence is described by d ␣ , where 1 Ͻ ␣ Ͻ 1.5 holds for TFSCLC, whereas ␣ ϭ1 would be obtained in an injection-limited regime. Despite some random irreproducible variations in the current from sample to sample, the thickness dependence could not be approximated with a d 3/2 law, questioning the presence of SCLC and suggesting injection limitation.
Comparison of the IV characteristics of ITO/ PEDOT:PSS/MEH-OPV5/Al and ITO/MEH-OPV5/Al devices depicted in Figure 2 is also in favor of injection limitation. The shapes of both IV curves are similar, but the amplitude is much smaller in the case of ITO/MEH-OPV5/Al. At higher bias, both curves exhibit a typical exponential behavior versus the square root of the field, resulting in a . On the basis of a drift-diffusion type of injection mechanism 8 suitable for low-mobility media and taking the field-activation factor of the mobility from transient EL measurements, a Schottky coefficient of 2.67 ⅐ 10 Ϫ5 eV (m/V) 1/2 was obtained. This is close to the theoretical value of 2.12 ⅐ 10 Ϫ5 eV (m/V) 1/2 found with a dielectric constant of 3.2. The observed thickness dependence and the influence of the anode work function on the absolute value of current (but not on the shape) indicate that although the IV characteristics of the MEH-OPV5 cells show typical features of SCLC, the injection limitation is more likely. Our observation is in accordance with the results obtained by Shen et al. 23 The dependencies of injectionlimited current and SCLC on the applied voltage can be very similar in shape for the reason that both currents are directly proportional to the charge-carrier mobility.
Charge transport through an organic semiconductor based on polymeric or oligomeric solids occurs via hopping among localized states. Consequently, the classical injection models formulated for inorganic materials have their limitations. Several injection models have been developed, considering the hopping nature of transport, strong charge localization, and both positional and energy disorder. [22] [23] [24] [25] [26] [27] [28] Our simulation of IV curves is based on a slightly modified phenomenological model proposed by Abkowitz et al. 29 According to this model, the charge injection and transport are described as thermally assisted tunneling in a one-dimensional uniformly spaced chain of hopping sites. Unlike Abkowitz et al., 29 we allow only nearest-neighbor hops (multisite hopping is ignored). The thermally assisted tunneling of carriers from the metal to the organic material is, moreover, assumed to result only in the formation of a Boltzmann distribution at the first monolayer. The establishment of the chargecarrier distribution in the bulk occurs then by successive nearest-neighbor hopping events.
The model ignores any space-charge effects and cannot describe the transition to SCLC. As a consequence, the applicability of the model for devices with typical thickness and operational voltage is limited to barrier heights larger than 0.3 eV.
The rate at which a charge carrier occupying the state i moves to the empty state j is described in terms of the classical Marcus theory for the high-temperature limit
where E i and E j are the energies of the occupied site and the empty site, respectively; and is the reorganization energy. A typical value for the reorganization energy in disordered organic semiconductors of 0.3 eV was used. In general, the hopping rate from state i to j is the product of the Marcus rate for hopping, the probability to find a charge carrier at site i defined as p i , and the probability to have the site j nonoccupied (1 Ϫ p j ) .
To obtain the occupation probabilities of all sites, the principle of detailed balance was used. This principle requires the number of hops toward a certain site i to be equal to the number of hops leaving the same site. The spatial distribution of sites was set to be equidistant, with the interspacing of hopping sites equaling the molecule diameter. Detailed balance leads to the following set of equations:
The occupation probabilities of sites 1 and N are related to the Boltzmann factor. p i bulk is the occupation probability of site i due to intrinsically generated charge carriers. As the occupation probability for site i in the injection-limited case is small, we approximated all probabilities to find an empty site to 1. The energies of the sites follow the potential ⌬ Ϫ qFx, where ⌬ is given by the difference of the highest occupied molecular orbital level of the organic and the Fermi level of the metal, and F is the external electric field. Unlike Abkowitz et al., 29 we included the image charge potential. Then, the current can be calculated by counting hopping events across any plane in the material. 29 However, to reduce the total number of fitting parameters and to calculate the absolute value of the current, we used the standard driftdiffusion expression for the current instead
where J(x) is the current density at position x, n is the calculated charge density obtained from detailed balance, and F is the field strength at x. The hole mobility () was taken in the frame of the correlated Gaussian disorder model. The calcu-lated currents (Fig. 3 ) agreed with the measured IV characteristics of the ITO/PEDOT:PSS/MEH-OPV5/Al and ITO/MEH-OPV5/Al devices. It is remarkable that not only the shape but also the absolute values of currents are simulated correctly, giving reasonable barrier heights of 0.39 and 0.53 eV at 293 K, respectively. Optimal fits were achieved with an energetic disorder bandwidth of around 0.06 eV and a zero-field hole mobility of 2.2 10 Ϫ5 cm 2 /Vs, which was close to the parameters obtained by transient EL measurements. However, the temperature dependency of the current could only be fitted with slightly decreasing barrier heights with decreasing temperature. Nevertheless, the change in barrier height was only 80 meV for the temperature range from 293 to 173 K. Such change in the calculated barrier height was likely the result of the energy disorder, which is not included in the model presented here. Moreover, dipole layers at the metal-organic interfaces 31 with temperaturedependent strength cannot be excluded.
DONOR-ACCEPTOR PHOTOVOLTAIC CELLS: ROLE OF MORPHOLOGY
Two basic donor-acceptor solid-state device structures for photovoltaic applications are in the main focus of interest-double-layer device structures with a single planar heterojunction interface 3, 32, 33 and systems of percolated donor-acceptor phases, that is, a network of heterojunctions throughout the entire film. 1,2,5 As a matter of course, the performance of the latter type of device is very sensitive to the morphology of the blend. Ideally (to ensure efficient exciton dissociation), an acceptor species should be within the exciton diffusion range from any donor species and vice versa. Moreover, both the donor and the acceptor phases should form a continuous network to allow bipolar charge transport. Because the exciton diffusion range is typically shorter than the light-absorption depth, the network of donor-acceptor heterojunctions should be more efficient in terms of the exciton dissociation than a conventional double-layer structure with a single planar donor-acceptor heterojunction. However, in the case of spatially distributed donoracceptor heterojunctions, a possible partial discontinuity of the donor and/or acceptor phases may occur. Furthermore, the likely increased energy-level disorder in both phases may result in an increase of the charge-trap density and a reduction of the electron and/or hole mobility. Therefore, a degradation of the overall device performance could be expected. Obviously, a comparative study of both configurations requires the use of the same materials and identical preparation procedures. This requirement can be met with materials suitable for vacuum deposition.
In Table 1 , we present the photovoltaic parameters of double-layered and codeposited cells on the basis of MEH-OPV5 as donor and C 60 as acceptor material.
34 Surprisingly, our measurements revealed that the monochromatic powerconversion efficiency of the codeposited cell (1%) was about two times lower than that of the double-layer cell (Ͼ2%), although the exciton dissociation efficiency is expected to be higher in the first case because of the larger heterojunction interface. Similar observations have been reported for cells with indium tin oxide (ITO) as an anode material. 9 To unveil this unexpected result, one 
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has to realize that the monochromatic power conversion efficiency is proportional to the photovoltaic sensitivity S as well as to the fill factor (FF) and the open-circuit voltage (U oc ):
From Table 1 , the slightly higher S of a codeposited device is compensated by its lower FF and U oc , resulting in a decreased power-conversion efficiency as compared with the double-layer cell. To understand the difference of the obtained monochromatic power-conversion efficiencies in more detail, one has to trace back to the origin of the observed differences in S, FF, and U oc .
The lower monochromatic power-conversion efficiency of cells on the basis of codeposited films is related, in part, to their lower fill factor. Intuitively, it seems reasonable that because of the intimate mixing of phases in a blend, the energetic disorder is increased, resulting in high trap densities and poorer transport properties and a lower FF. In a double-layer cell where intimate mixing is missing, the FF is higher because of the strongly reduced trap density.
The main advantage of percolated donor-acceptor photovoltaic systems is the strong increase of the heterojunction interface as compared with double-layer cells, which means a high level of photovoltaic sensitivity. Very efficient photovoltaic cells with this kind of percolated system have been produced.
5 Surprisingly, the S of a codeposited cell on the basis of MEH-OPV5 and C 60 was not even twice as high as that of a double-layer cell.
To gain more insight into the relatively small increase in S, the surface morphologies of vacuum-deposited C 60 , MEH-OPV5, and codeposited MEH-OPV5 ϩ C 60 on a solid substrate (mica) have been examined by atomic force microscopy (Fig. 4) . 9 Thermal vacuum deposition of MEH-OPV5 resulted in the formation of large islands with an average height of about 30 nm, whereas the topography of C 60 was smooth. The consecutively deposited cell appears to have an intermediate morphology between an interpenetrating blend and a truly planar double-layer film, exhibiting a finger-shaped interpenetrating pattern. Consequently, the area of the heterojunction interface was larger than that of an ideal double layer, approaching the area of a codeposited structure in terms of its availability for the dissociation of light-created excitons.
The power-conversion efficiency also depends on the open-circuit voltage. The saturated opencircuit voltage (U soc ) of a single-layer MEH-OPV5 cell approached 1.1 Ϯ 0.1 V (Table 1) , being close to the U soc predicted by the metal/insulator/metal Table 1 . Main Cell Characteristics for Double-Layer ITO/PEDOT:PSS/MEH-OPV5/C 60 /Al Cells, Codeposited ITO/PEDOT:PSS/MEH-OPV5 ϩ C 60 /Al Cells, Single-Layer MEH-OPV5, and C 60 Cells.
S is the photovoltaic sensitivity, FF is the fill factor, and U oc is the open-circuit voltage measured at 1 mW/cm 2 light intensity at an illumination wavelength of 458 nm. U soc is the saturated open-circuit voltage at the same wavelength, and ␦ is the effective dipole-layer shift. N i and W 0V are the ionized state density and the depletion width at zero bias, respectively. The built-in potential U bi was equal to U soc (MIM) model (U soc MIM Ϸ 0.9 V), whereas the U soc of a single-layer C 60 cell was only 0.3 Ϯ 0.2 V. Therefore, we attribute the decrease of U soc from 0.9 Ϯ 0.1 V in the double-layer cell to 0.7 Ϯ 0.1 V in the codeposited cell to the influence of the C 60 phase. Recent results of ultraviolet photoelectron spectroscopy revealed strong vacuum-level shifts at metal/C 60 interfaces. 35 These shifts were assigned to either charge transfer toward C 60 for low work-function metals (Ag) or hybridization in combination with partial charge transfer for high work-function metals (Au). As a consequence, the built-in potential in a single-layer C 60 cell prepared under vacuum is strongly reduced. Similar effects were observed for MEH-OPV5. 31 The fact that a single-layer MEH-OPV5 device showed a U soc predicted by the MIM model suggests, however, that the dipole-layer formation at the MEH-OPV/electrode interfaces is strongly suppressed. This conclusion is supported by the results obtained with double-layer devices, exhibiting a U soc in accordance with the MIM model. Although we do not know the effect of the heterojunctions on the open-circuit voltage, it is reasonable to assume that dipole-layer shifts at the anode/ MEH-OPV5 and the cathode/C 60 interfaces do not occur. Accordingly, the main dipole-layer shift can be attributed to the C 60 phase or, more specifically, to the anode/C 60 interface with a total strength of about 0.6 Ϯ 0.2 V.
CV measurements on single-layer C 60 cells revealed a bias-independent geometrical capacitance at high frequencies (Ͼ1 kHz). At low frequencies (Ͻ100 Hz), a steep increase of capacitance in forward bias was observed. Several models including Schottky contact, p-n junction, charging of surface states, and so forth predict such bias-dependent capacitance with slow dynamics. In the low-frequency regime, a linear dependence of 1/C 2 on bias unveils a depletion capacitance and provides simultaneously its built-in potential (U bi ), ionized state density (N i ), and the depletion width (W) (e.g., at zero bias). 8 For each cell, the obtained U bi was close to the measured U soc . Thus, considering the dipole-layer shifts, the MIM model predicted U soc correctly. 1/C 2 versus U for a 100-nm-thick single-layer C 60 cell was linear only in a narrow range in forward bias, whereas in reverse bias the capacitance approached the geometrical capacitance. The filmthickness increase of C 60 extended the depletion capacitance region toward reverse bias, corroborating a transition from a partly to a fully depleted cell (Fig. 5) and suggesting a one-side abrupt p-n heterojunction type of contact between C 60 and one of the electrodes. Because a constant capacitance was observed over a wide range of bias and frequency for double-layer cells, the depletion layer was formed at the anode/C 60 contact. We infer that the C 60 layer was most likely ndoped with a rather low doping density of 10 16 cm
Ϫ3
. Although the origin of the doping is not known, Hayashi et al. 36 recently confirmed the formation of a Schottky barrier at the C 60 /metal interface by imaging the band bending via the Kelvin probe technique. The doping of C 60 was attributed to intrinsic impurities created during the preparation process of C 60 .
Our interpretation of the cell characteristics is mainly based on the assumption that the interfacial dipole strength and the ionized state density are proportional to the corresponding material density (i.e., volume fraction). Under this assumption, N i is proportional to the density of C 60 , and the dipole strength is proportional to the surface density of the organic medium at the metal-organic interface. Because we deposited C 60 and MEH-OPV5 in a ration of 1:1, N i of a codeposited structure should be half of N i determined for the bare C 60 film, and W 0V should be roughly two times longer, which was confirmed by CV measurements ( Table 1 ). The interfacial MEH-OPV5 density in a blended cell is half of the interfacial MEH-OPV5 density of the bare MEH-OPV5 cell, resulting in a dipole-layer strength of Ϫ0.1 eV at the MEH-OPV5/metal interfaces. We considered the same for the C 60 /metal interfaces in the blend, leading to a dipole-layer contribution of 0.3 eV. The predicted total dipole-layer strength in a blended cell is then 0.2 eV, and the U soc (U bi ) should be 0.7 V, which is in agreement with the measured value (Table 1) . Obviously, this simple dilution model relates device performance and morphology because it predicts very accurately the effective ionized state density N i , the saturated open-circuit voltage U soc (U bi ), and, consequently, the depletion width at zero bias W 0V for a codeposited photovoltaic cell.
CONCLUSIONS
We investigated the dark current diode characteristics of a single organic layer ITO/PEDOT:PSS/ MEH-OPV5/Al diode. Experimental evidence was given that charge transport through these diodes is injection limited. With transient EL, the hole mobility of MEH-OPV5 was measured and subsequently used in IV simulations. A phenomenological injection model adequately described the IV characteristics over broad current and temperature ranges.
Moreover, we reported in great detail the influence of morphology on photovoltaic device performance. The difference in monochromatic power-conversion efficiency between doublelayer and codeposited structures could be understood in terms of transport phenomena, interfacial effects, and morphology. The island formation of MEH-OPV5 and the potential of a device structure with interpenetrating fingers have been demonstrated. A Schottky contact at the interface between C 60 and the high workfunction metal was revealed. On the basis of a simple dilution model, the relation between the device performance and the morphology was rationalized.
